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Abstract

Specific anatomical sites and pathways responsible for mediating metabolic and neuroendocrine effects of leptin are still poorly
understood. Therefore, we examined distribution of leptin receptor-containing neurons transsynaptically connected with the porcine
fat tissue by means of combined viral transneuronal tracing and immunohistochemical staining method. Pseudorabies virus (PRV)
was injected into the perirenal fat tissue in pigs, and after survival periods of 3, 5, 7, 9, and 11 days, hypothalami were processed
immunohistochemically with primary antisera against PRV and leptin receptor (OBR). PRV labeled neurons were found in pa-
raventricular nucleus (PVN), ventromedial nucleus (VMN), anterior hypothalamic area (AHA), preoptic area (PA), arcuate nucleus
(ARC), and supraoptic nucleus (SON) by nine days after injection of the virus. Double-labeling immunofluorescence demonstrated
that OBR were co-localized in nearly all virus-infected neurons. The present results provide the first morphological data demon-

strating a multisynaptic circuit of neurons of CNS origin which innervates porcine fat tissue.
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The mechanism for food intake regulation at the
level of the central nervous system (CNS) is poorly
understood in large animals. The discovery of the ob
gene and anti-obesity effect of leptin was a break-
through in understanding the role of adipose tissue in
regulation of food intake, body weight, and endocrine
function [1]. It is currently hypothesized that leptin is
secreted from adipose tissue, circulates in the blood,
and acts at the brain to reduce food intake, increase
energy expenditure, and alter endocrine activity [2-4].
Leptin provides a link between adipose tissue and the
brain. The hypothalamus is the primary target of leptin
action, since the neuroanatomical substrate of central
leptin actions mainly coincides with several hypotha-
lamic cell groups, which include at least four nuclei in
the medial hypothalamus; the paraventricular (PVN),
arcuate (ARC), ventromedial (VMN), and dorsomedial
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(DMN) nuclei [5,6]. In particular, NPY producing
neurons, which are present in ARC, express leptin
receptors and administration of leptin results in down-
regulation of NPY gene expression, reduced feed in-
take, and increased energy expenditure [7]. Moreover,
leptin may also affect other types of neurons, such as
those modulating the sympathetic nervous system
[5,6,8-10].

Recent neuromorphological studies using a viral
transsynaptic tracing method [11] revealed that nerve
cells within the CNS are transsynaptically connected to
different organs including fat tissue [12-22]. This infor-
mation provides the basis to study the functional sig-
nificance of CNS structures in the control of adipose
tissue metabolism. Reports regarding the above-men-
tioned method in domestic animals are lacking, espe-
cially with respect to adipose tissue.

Therefore, the purpose of the present study was to
establish whether or not hypothalamic leptin receptor-
containing neurons are transsynaptically connected to
porcine perirenal adipose tissue.
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Materials and methods

The principles of animal care published by the National Institutes
of Health (publication No. 86-23, revised 1985) as well as the gov-
ernmental regulations of Poland (Ustawa o ochronie zwierzat Dz. U.
nr 111 z 21. 08. 1997) were followed. Eighteen female pigs of the Large
White Polish breed weighing 50 + 2 kg were pre-treated with atropine
(Polfa, Poland; 0.04mg/kg b.w., s.c.) and propionyl-promasine
(Combelen, Bayer, Germany; 0.4mg/kg b.w., i.m.). Thirty minutes
later, sodium pentobarbital (Vetbutal, Biovet, Poland; 30 mg/kg b.w.)
was given intravenously to induce surgical anesthesia. The Pseudora-
bies virus (PRV, Bartha’s K strain, 3.0 x 10° plaque forming units per
milliliter) was introduced in ten injections of 2 ul each evenly distrib-
uted on the surface of the right perirenal fat tissue depot in 15 of the
pigs using a Hamilton syringe by way of the paralumbar fossa. Special
care was taken to avoid entry of virus into surrounding tissues. The
volume of injected virus was based on preliminary studies. In the
control group (n = 3), perirenal fat tissue was injected with 0.1 M
phosphate-buffered saline (PBS; pH 7.4). After a survival period of 3,
5, 7,9, and 11 days, animals (n = 3 pigs per group) were anesthetized
as described above and perfused transcardially with 4% paraformal-
dehyde in 0.1 M phosphate-buffered saline (PBS; pH 7.4). Control pigs
were sacrificed 11 days after injections. Brains were collected and hy-
pothalami were dissected out after making the following cuts: rostral
to the optic chiasm, rostral to the mammillary bodies, lateral to the
hypothalamic sulci, and ventral to the anterior commissure. Tissue
blocks were then postfixed in 4% paraformaldehyde in 0.1 M phos-
phate-buffered saline (PBS; pH 7.4) for 2-3h at 4°C and transferred
into 30% sucrose and 0.01% NaNj until they sank. Ten micrometer
thick frozen sections were mounted on slides, processed by double-
labeling immunofluorescence [23] with primary antisera against PRV
(Mouse # P01510, dilution 1:800, Institut Pourquier, France) and
OBR (Goat # sc-1833, dilution 1:400, Santa Cruz Biotechnology,
USA), and photographed with a Leitz Orthoplan or a Zeiss Axiophot
fluorescence microscope equipped with epiilumination and an appro-
priate filter set for Texas Red and FITC. The specificity of primary
antisera was tested with preabsorption control sections. In brief, 1 pM
of the respective peptide completely abolished fluorescence and there
was no immunostaining observed in the absence of primary antisera.

Results and discussion

In the present study, PRV-infected neurons were lo-
cated in the PVN, anterior hypothalamic arca (AHA),
preoptic area (PA), supraoptic nucleus (SON), ARC,
and VMN by 9 days after injection of the virus. In the
PVN, PRV-IR neurons were moderate in number (5-10
labeled cells per section). Neurons located in the AHA-
PA (Fig. 1A) represented the smallest subpopulations of
labeled cells (1-5 cells per section). The most abundant
PRV-IR cell bodies were located in the ARC and SON
(10-30 cells per section, Fig. 1C). A moderate number of
PRV-IR neurons were found in the VMN (5-10 labeled
cells per section; Fig. 1E). There were no PRV-immu-
noreactive neurons in the hypothalami collected from
control pigs. These results support the idea of a trans-
synaptic connection between hypothalamic neurons and
perirenal adipose depot. The pattern of infected neurons
after PRV injections was similar to that found in the
hamster and rat [12,14,24,25]. However, the number of
infected neurons and the period of virus migration dif-

Fig. 1. (A,B) Group of PRV-IR neurons located in PVN (A) simul-
taneously exhibiting OBR-IR (B). Scale bar =20 pm. (C,D) Numerous
PRV-IR neurons located in ARC (C) exhibiting OBR-immunore-
activity (D). Two of PRV-infected cells located in the ARC not
exhibiting OBR-immunoreactivity (arrows). Scale bar =20 um. (E,F)
PRV-IR neurons located in VMN (E) simultaneously exhibiting
OBR-IR (F). Scale bar =20 um.

fered between studies. The difference in the number of
infected neurons may have resulted from different titers
of PRV used as well as mass of the fat tissue depots [12—
14,24,25]. The main advantage of neural tracing with
PRV compared to monosynaptic tracers [8,26] is that
this method allows a temporal analysis of the viral
progression through synaptically linked neurons in the
CNS after injection into a peripheral organ. In the
present study, PRV-infected neurons were found in
the hypothalamus by 9 days after injection of the virus,
while in laboratory animals this period varied between 5
and 6 days [12,14]. Therefore, the speed of virus mi-
gration may depend on both the extent and dimension
of nerve fibers supplying the organ under study.
Another useful feature of PRV transsynaptic retro-
grade tracer is that the phenotype of PRV-infected
neurons can be characterized by double-labeling immu-
nohistochemistry. Double-labeling immunofluorescence
demonstrated that OBR were co-localized in almost all
virus-infected hypothalamic neurons. OBR immunore-
activity was observed in PVN, AHA, PA (Fig. 1B), SON,
ARC (Fig. 1D), and VMN (Fig. 1F) of the porcine
hypothalamus. No immunoreactive structures were
found in the median eminence. All OBR-IR neurons were
PRV-infected (Figs. 1A-F) while some PRV-infected
cells located in the ARC (1-4 neurons per section) did not
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exhibit OBR-IR (Figs. 1C and D). The presence of OBR-
IR neurons in the porcine hypothalamus confirms a
previous report in which semiquantitative reverse tran-
scription-polymerase chain reaction was used to identify
OBR gene expression in the hypothalamus of gilts [27]. In
addition, our results demonstrate the presence of OBR-
IR neurons in the PA and AHA, which are in agreement
with previous reports in the sheep, rat, mouse, and pig
[5,28-30]. The present study demonstrated that the
greatest number of OBR-IR cell bodies was located in the
SON and ARC. In contrast to the present results and
others obtained from pigs [5], OBR-IR neurons in the rat
SON [28] were not strongly immunoreactive. The ARC is
proposed as a major site of action for leptin based on the
present results as well as those of many previous studies
[5,27-30]. Moreover, the present results are in agreement
with previous reports in domestic animals demonstrating
that OBR is present in neurons of both the PVN and
VMN. Thus, these nuclei may regulate outflow of infor-
mation and may be the autonomic and endocrine effec-
tors of leptin action [5,29]. Immunohistochemical and
physiological studies revealed that projections of OBR-
IR neurons provide a link between the hypothalamus and
other brain regions involved in satiety and reproductive
functions [2,5,27,31,32]. These findings suggest that lep-
tin not only plays an integrative role in feeding behavior,
but also in neuroendocrine activity. It is clear, however,
that the definitive assignment of physiological roles for
leptin requires further pharmacological as well as mo-
lecular investigations. Nevertheless, pharmacological
intervention directed at the OBR may prove to be a novel
and effective treatment for diseases such as anorexia
nervosa and obesity. Additional research is needed to
develop a complete understanding of the adipose tissue—
brain—pituitary axis, which will lead to practical methods
of controlling appetite and metabolism in farm animals
as well as in humans.

The present results provide the first morphological
data on the multisynaptic circuit of neurons innervating
porcine fat tissue and demonstrate that hypothalamic
leptin receptor-containing neurons are transsynaptically
connected to the perirenal fat depot.

Acknowledgments

We thank Dr. Zenon Pidsudko and Dr. M. Zajac for expert
technical assistance. This research was supported jointly by NATO
Science Fellowships, the USDA Foreign Currency Research Program,
and Early Career Cooperative Research Award (ECCRA) 2/99.

References

[1] Y. Zhang, R. Proenca, M. Maffei, M. Barone, L. Leopold, J.M.
Friedman, Positional cloning of the mouse obese gene and its
human homologue, Nature 372 (1994) 425-432.

[2] P. Magni, M. Motta, L. Martini, Leptin: a possible link between
food intake, energy expenditure, and reproductive function,
Regul. Pept. 92 (2000) 51-56.

[3] W. Kiess, G. Muller, A. Galler, A. Reich, J. Deutscher, J.
Klammt, J. Kratzsch, Body fat mass, leptin and puberty, J.
Pediatr. Endocrinol. Metab 13 (Suppl 1) (2000) 717-722.

[4] L. Huang, C. Li, Leptin: a multifunctional hormone, Cell Res. 10
(2000) 81-92.

[5] K. Czaja, M. Lakomy, W. Sienkiewicz, J. Kaleczyc, Z. Pidsudko,
C.R. Barb, G.B. Rampacek, R.R. Kraeling, Distribution of
neurons containing leptin receptors in the hypothalamus of the
pig, Biochem. Biophys. Res. Commun. 298 (2002) 333-337.

[6] J.G. Mercer, N. Hoggard, L.M. Williams, C.B. Lawrence, L.T.

Hannah, P. Trayhurn, Localization of leptin receptor mRNA and

the long form splice variant (Ob-Rb) in mouse hypothalamus and

adjacent brain regions by in situ hybridization, FEBS Lett. 387

(1996) 113-116.

M.W. Schwartz, R.J. Seeley, L.A. Campfield, P. Burn, D.G.

Baskin, Identification of targets of leptin action in rat hypothal-

amus, J. Clin. Invest. 98 (1996) 1101-1106.

K. Czaja, M. Lakomy, J. Kaleczyc, C.R. Barb, G.B. Rampacek,

R.R. Kraeling, Leptin receptors, NPY, and tyrosine hydroxylase

in autonomic neurons supplying fat depots in a pig, Biochem.

Biophys. Res. Commun. 293 (2002) 1138-1144.

[9] R.S. Ahima, C.B. Saper, J.S. Flier, J.K. Elmquist, Leptin
regulation of neuroendocrine systems, Front. Neuroendocrinol.
21 (2000) 263-307.

[10] C.F. Elias, J.F. Kelly, C.E. Lee, R.S. Ahima, D.J. Drucker, C.B.
Saper, J.K. Elmquist, Chemical characterization of leptin-acti-
vated neurons in the rat brain, J. Comp. Neurol. 423 (2000) 261—
281.

[11] J.P. Card, L. Rinaman, J.S. Schwaber, R.R. Miselis, M.E.
Whealy, A.K. Robbins, L.W. Enquist, Neurotropic properties of
pseudorabies virus: uptake and transneuronal passage in the rat
central nervous system, J. Neurosci. 10 (1990) 1974-1994.

[12] M. Bamshad, V.T. Aoki, M.G. Adkison, W.S. Warren, T.J.
Bartness, Central nervous system origins of the sympathetic
nervous system outflow to white adipose tissue, Am. J. Physiol.
275 (1998) R291-R299.

[13] M. Bamshad, C.K. Song, T.J. Bartness, CNS origins of the
sympathetic nervous system outflow to brown adipose tissue, Am.
J. Physiol. 276 (1999) R1569-R1578.

[14] T.J. Bartness, M. Bamshad, Innervation of mammalian white
adipose tissue: implications for the regulation of total body fat,
Am. J. Physiol. 275 (1998) R1399-R1411.

[15] 1. Billig, K. Hartge, J.P. Card, B.J. Yates, Transneuronal tracing
of neural pathways controlling abdominal musculature in the
ferret, Brain Res. 912 (2001) 24-32.

[16] G. Cano, A.F. Sved, L. Rinaman, B.S. Rabin, J.P. Card,
Characterization of the central nervous system innervation of
the rat spleen using viral transneuronal tracing, J. Comp. Neurol.
439 (2001) 1-18.

[17] D. Daniels, R.R. Miselis, L.M. Flanagan-Cato, Transneuronal
tracing from sympathectomized lumbar epaxial muscle in female
rats, J. Neurobiol. 48 (2001) 278-290.

[18] I. Gerendai, I.E. Toth, Z. Boldogkoi, I. Medveczky, B. Halasz,
Neuronal labeling in the rat brain and spinal cord from the ovary
using viral transneuronal tracing technique, Neuroendocrinology
68 (1998) 244-256.

[19] 1. Gerendai, I.E. Toth, K. Kocsis, Z. Boldogkoi, I. Medveczky, B.
Halasz, Transneuronal labelling of nerve cells in the CNS of
female rat from the mammary gland by viral tracing technique,
Neuroscience 108 (2001) 103-118.

[20] I. Gerendai, L.E. Toth, K. Kocsis, Z. Boldogkoi, M. Rusvai, B.
Halasz, Identification of CNS neurons involved in the innervation
of the epididymis: a viral transneuronal tracing study, Auton.
Neurosci. 92 (2001) 1-10.

[7

—

8

—_



K. Czaja et al. | Biochemical and Biophysical Research Communications 311 (2003) 482-485 485

[21] P.J. Larsen, Tracing autonomic innervation of the rat pineal gland
using viral transneuronal tracing, Microsc. Res. Tech. 46 (1999)
296-304.

[22] L. Marson, Identification of central nervous system neurons that
innervate the bladder body, bladder base, or external urethral
sphincter of female rats: a transneuronal tracing study using
pseudorabies virus, J. Comp. Neurol. 389 (1997) 584-602.

[23] M.W. Wessendorf, N.M. Appel, R. Elde, Simultaneous observa-
tion of fluorescent retrogradely labeled neurons and the immu-
nofluorescently labeled fibers apposing them using Fluoro-Gold
and antisera labeled with the blue fluorochrome 7-amino-4-
methylcoumarin-3-acetic acid (AMCA), Neurosci. Lett. 82
(1987) 121-126.

[24] H. Shi, T.J. Bartness, Neurochemical phenotype of sympathetic
nervous system outflow from brain to white fat, Brain Res. Bull.
54 (2001) 375-385.

[25] C.K. Song, T.J. Bartness, CNS sympathetic outflow neurons to
white fat that express MEL receptors may mediate seasonal
adiposity, Am. J. Physiol. Regul. Integr. Comp. Physiol. 281
(2001) R666-R672.

[26] K. Czaja, R. Kraeling, M. Klimczuk, A. Franke-Radowiecka, W.
Sienkiewicz, M. Lakomy, Distribution of ganglionic sympathetic
neurons supplying the subcutaneous, perirenal and mesentery fat

tissue depots in the pig, Acta Neurobiol. Exp. (Warsz.) 62 (2002)
227-234.

[27] J. Lin, B.C. Richard, R.R. Kraeling, G.B. Rampacek, Develop-
mental changes in the long form leptin receptor and related
neuropeptide gene expression in the pig brain, Biol. Reprod. 64
(2001) 1614-1618.

[28] M.L. Hakansson, H. Brown, N. Ghilardi, R.C. Skoda, B. Meister,
Leptin receptor immunoreactivity in chemically defined target
neurons of the hypothalamus, J. Neurosci. 18 (1998) 559-572.

[29] L.M. Williams, C.L. Adam, J.G. Mercer, K.M. Moar, D. Slater,
L. Hunter, P.A. Findlay, N. Hoggard, Leptin receptor and
neuropeptide Y gene expression in the sheep brain, J. Neuroen-
docrinol. 11 (1999) 165-169.

[30] H. Fei, H.J. Okano, C. Li, G.H. Lee, C. Zhao, R. Darnell, J.M.
Friedman, Anatomic localization of alternatively spliced leptin
receptors (Ob-R) in mouse brain and other tissues, Proc. Natl.
Acad. Sci. USA 94 (1997) 7001-7005.

[31] C.R. Barb, R.R. Kraeling, G.B. Rampacek, Nutritional regulators
of the hypothalamic-pituitary axis in pigs, Reprod. Suppl. 58
(2001) 1-15.

[32] C.R. Barb, R.R. Kraeling, G.B. Rampacek, Metabolic regulation
of the neuroendocrine axis in pigs, Reprod. Suppl. 59 (2002)
203-217.



	Are hypothalamic neurons transsynaptically connected to porcine adipose tissue?
	Materials and methods
	Results and discussion
	Acknowledgements
	References


